Lammers G, Poelkens F, van Duijnhoven NT, Pardoel EM, Hoenderop JG, Thijssen DH, Hopman MT. Expression of genes involved in fatty acid transport and insulin signaling is altered by physical inactivity and exercise training in human skeletal muscle. Am J Physiol Endocrinol Metab 303: E1245-E1251, 2012. First published October 9, 2012; doi:10.1152/ajpendo.00356.2012.-Physical deconditioning is associated with the development of chronic diseases, including type 2 diabetes and cardiovascular disease. Exercise training effectively counteracts these developments, but the underlying mechanisms are largely unknown. To gain more insight into these mechanisms, muscular gene expression levels were assessed after physical deconditioning and after exercise training of the lower limbs in humans by use of gene expression microarrays. To exclude systemic effects, we used human models for local physical inactivity (3 wk of unilateral limb suspension) and for local exercise training (6 wk of functional electrical stimulation exercise of the extremely deconditioned legs of individuals with a spinal cord injury). The most interesting subset of genes, those downregulated after deconditioning as well as upregulated after exercise training, contained 18 genes related to both the "insulin action" and "adipocytokine signaling" pathway. Of these genes, the three with strongest up/downregulation were the muscular fatty acid-binding protein-3 (FABP3), the fatty acid oxidizing enzyme hydroxyacyl-CoA dehydrogenase (HADH), and the mitochondrial fatty acid transporter solute carrier 25 family member A20 (SLC25A20). The expression levels of these genes were confirmed using RT-qPCR. The results of the present study indicate an important role for a decreased transport and metabolism of fatty acids, which provides a link between physical activity levels and insulin signaling.
THE HUMAN GENOME HAS EVOLVED on the basis of a physically active lifestyle, but our society has become increasingly sedentary. Physical inactivity has detrimental health consequences, including the development of insulin resistance and eventually type 2 diabetes and cardiovascular disease (8, 41) . Recently, it has been demonstrated that even a 2-wk reduction in daily activity level can be sufficient to increase insulin resistance in healthy subjects, as does 9 days of strict bed rest (1, 26) . On the other end of the spectrum, a single bout of exercise can reduce insulin resistance (17) , regular physical activity reduces the risk of developing diabetes (21, 29) , and significant exercise effects have been reported in diabetics (9) , making exercise a powerful tool in the prevention and management of type 2 diabetes.
Skeletal muscle accounts for the majority of insulin-induced glucose uptake. Binding of insulin to its receptor on the cellular plasma membrane leads, via the activation of intracellular insulin receptor substrates 1 and 2 (IRS1/2), to translocation of the GLUT4 glucose transporter to the plasma membrane. Obesity research has demonstrated that elevated levels of free fatty acids in the blood plasma can inhibit insulin signaling directly or via elevated intramyocellular levels of triglycerides and free fatty acids that attenuate the insulin-signaling pathway (7) . In addition, impaired oxidation of intracellular fatty acids may result in an even larger accumulation of intracellular fatty acids and subsequent inhibition of insulin signaling (46) . On the other hand, exercise can effectively stimulate the insulinsignaling cascade (17) . However, still unknown is how the molecular mechanisms behind the development and prevention of insulin resistance exactly work. Gene expression profiling of skeletal muscle tissue after physical deconditioning and exercise training may provide more insight in the regulation of these mechanisms.
Gene expression microarray analysis is a rapid and comprehensive approach for the first identification of molecular changes in muscle tissue. By use of this technique, the expression levels of virtually all known genes can be analyzed in a single experiment. Microarrays have been used to study the expression levels of insulin-related genes in human models for deconditioning and exercise training (1, 42) , but systemic effects probably play an important role in these bed rest and exercise interventions. To exclude systemic effects and to enable us to solely study the muscular effects of the interventions, we used unique human in vivo models for local inactivity and local exercise training. The aim of this study was to identify genes related to the insulin-signaling pathway that demonstrated an opposite responses to deconditioning vs. exercise training. Such genes may be responsible for the detrimental effects of physical inactivity vs. the beneficial effects of regular exercise.
MATERIALS AND METHODS

Experimental Design
Unilateral lower limb suspension deconditioning. As a model for local deconditioning, the right legs of six healthy males were suspended and unloaded from all weight bearing for a period of 3 wk as described before (4, 6) . To evaluate the effectiveness of the unilateral lower limb suspension (ULLS) model, calf skin temperature and calf circumference were measured before and after the intervention.
Functional electrical stimulation exercise training. As a model for local exercise training, eight subjects with spinal cord injury (SCI) received 8 wk of functional electrical stimulation (FES) exercise training of their paralyzed legs using a computer-controlled leg cycle ergometer (Ergys 2; Therapeutic Alliances, Fairborn, OH) (18, 35, 45) . Self-adhesive 50 ϫ 90 mm surface electrodes (Stimex, Pierenkemper, Wetzlar, Germany) were placed on the hamstring, gluteal, and quadriceps muscles on both legs of each subject. Electrical stimulation was applied using a coordinated sequence of monophasic square wave pulses (450 s, 30 Hz), permitting cyclic patterns of muscle contraction resulting in leg cycling. The device was programmed to gradually increase the stimulation current amplitude to a maximum of 140 mA to achieve a target pedaling rate of ϳ50 rpm. Pedal resistance could be altered with 1/8 kp increments, corresponding to ϳ6.1 W at 50 rpm. Resistance was reduced when pedaling rate dropped below 45 rpm and the stimulation was stopped when pedaling rate dropped below 35 rpm. During the training period, subjects performed two to three training sessions per week of 30 min each, resulting in a total of 20 sessions per person. When 30 min odf exercise was not realized in one run, up to five runs were performed until 30 min of cumulated active exercise was achieved. FES cycling as adopted in our study results in elevations in heart rate for the duration of the exercise bout (up to 30 min) but also leads to significant and steady-state elevations in oxygen consumption and improvement in other cardiovascular parameters (13, 18) . This indicates that FES cycling as adopted in our study can be regarded as an aerobic type of exercise. As a surrogate measure for lower limb fitness level, the total work (in kJ) achieved by a subject during a single bout of FES cycling was assessed during the first and the last training sessions.
Before and after both interventions, systemic insulin resistance and leg muscular gene expression levels were determined. Muscle biopsies after ULLS deconditioning were obtained before the leg was reactivated. To avoid an acute exercise effect, biopsies after FES exercise were obtained 24 -48 h after the last exercise bout, since the expression level of most metabolic genes returns to baseline within 24 h following exercise (48) .
Subjects
Subject characteristics are provided in Table 1 . Seven SCI subjects had a complete lesion, varying between C5 and T11 [ASIA Impairment Scale (AIS) A], while one subject had an incomplete lesion at C5 (AIS B). All lesions were traumatic and had existed for at least 4 yr. None of the participants had any known cardiovascular disease, diabetes, or cardiovascular risk factors such as hypercholesterolemia and hypertension. The study was approved by the Ethics Committee of the Radboud University Nijmegen Medical Centre and conformed to the principles outlined in the Declaration of Helsinki. All subjects provided written informed consent prior to testing.
Insulin Resistance
Blood samples were obtained before and after both interventions. Fasting glucose levels were determined using standard laboratory techniques, and fasting insulin levels were determined with an electrochemiluminescence immunoassay (ECLIA) on the E170 module of a modular analytics EVO analyzer (Roche, Mannheim, Germany) before and after deconditioning (n ϭ 5) and exercise training (n ϭ 8).
Insulin resistance was calculated according to the homeostasis model assessment of insulin resistance (HOMA-IR) method (30, 44) , using the equation HOMA-IR ϭ glucose (mmol/l) ϫ insulin (mU/l)/22.5.
Muscle Biopsy and RNA Isolation
Muscle biopsies were obtained from the vastus lateralis muscle before and after the interventions using the Bergström technique (5). The skin was locally anaesthetized with 1% (wt/vol) Lidocaine, a small incision was made through the skin and fascia, and muscle specimens were immediately frozen in liquid nitrogen and stored at Ϫ80°C. Frozen muscle biopsy samples were ground using a mortar and pestle, placed in RNA-Bee, which contains phenol and guanidine thiocyanate (Tel-test, Friendswood, TX), and homogenized using an T25 Ultra-Turrax dispenser (IKA, Staufen, Germany). RNA was isolated using phenol-chloroform extraction and purified according to the RNeasy minikit clean-up protocol, including on-column DNase digestion (Qiagen, Hilden, Germany). RNA concentration and purity were measured with a Nanodrop spectrophotometer (Thermo Scientific, Waltham, MA), and RNA integrity was analyzed on an Agilent Bioanalyzer (Santa Clara, CA). For the deconditioning samples the RNA integrity number (RIN) was between 6.8 and 7.9, and for the exercise samples the RIN was between 8.0 and 8.7, both indicating good RNA quality.
Gene Expression Microarray Analysis
Gene expression analysis was performed before and after deconditioning (for 3 individuals separately plus 1 cDNA pool of the other 3 subjects), and three separate SCI individuals before and after exercise training. From the other SCI subjects we obtained insufficient RNA, which probably relates to the dramatic changes in muscle mass and composition (lots of intramuscular fat) after a SCI, which is further discussed in the Limitations section. Total RNA (100 ng) was amplified and labeled according to the Affymetrix GeneChip whole transcript sense target labeling assay and hybridized on Affymetrix GeneChip Human Gene 1.0 ST arrays (Affymetrix) (28) . Arrays were scanned, processed, and imported into Genomic Suite software (v. 6.4; Partek, St. Louis, MO). Probe sets were normalized using the robust microarray analysis (RMA) algorithm, including background correction for GC content. The mean intensity of probe sets belonging to one gene was calculated, representing the quantitative gene expression levels. Differences in gene expression between groups were calculated, and results were exported to Microsoft Excel for further analysis.
Gene lists of interest were analyzed for enriched gene ontology (GO) terms for biological processes at the most specific level available (GOTERM_BP_FAT) using the Web-Based Database for Annotation, Visualization and Integrated Discovery (DAVID) (22, 23) . To summarize extensive lists, functional annotation clustering of the enriched GO terms was performed as indicated. Alternatively, gene lists of interest were analyzed using Pathway Studio 7.1 software (Ariadne, Rockville, MD). The microarray data have been submitted to the Gene Expression Omnibus (GEO) repository under no. GSE33886.
Reverse Transcription Quantitative PCR (RT-qPCR) Validation of Microarray Results
For reverse transcription-quantitative PCR (RT-qPCR) validation of the microarray results, RNA used for the microarrays was available for two healthy controls and three individuals with SCI before and after the interventions. Of these samples, 200 ng of RNA was transcribed to cDNA using the superscript III first-strand synthesis supermix for qRT-PCR (Invitrogen, Paisley, UK) according to the manufacturer's protocol. Based on the microarray results, ubiquitin C (UBC) was selected as a stable reference gene. Intron-spanning primers were designed using NCBI Primer-BLAST and purchased from Biolegio (Malden, The Netherlands). Primer nucleotide sequences (5= Ͼ 3=) were as follows: FABP3 forward (TGGGACGGGCAA-GAGACCACA), FABP3 reverse (TGCCGTGGGTGAGTGTCAGGA); HADHB forward (CACCTGAGCTCCCTGCGGTT), HADHB reverse (TCGGTCTGCAGAGTGGCCCAT); SLC25A20 forward (TGCT-GAGGGAGCTGATCCGGG), SLC25A20 reverse (AACAGGCCG-CATTGGCTGGG); UBC forward (TAGTTCCGTCGCAGCCGGGA), and UBC reverse (GCATTGTCAAGTGACGATCACAGCG). Sybr Green-based RT-qPCR was performed using a CFX96 Real-Time PCR Detection System (Bio-Rad). For each primer pair, the melt curve, efficiency, and no-template controls were assessed to check primer specificity. The comparative C T quantification (⌬⌬CT method) corrected for primer efficiency was used to compare changes in gene expression.
Statistical Analysis
Subject characteristics, glucose/insulin levels, and HOMA-IR are given as mean Ϯ SE, and differences between the groups and between post-and preintervention were assessed using a two-tailed t-test.
To assess differences in gene expression between groups, the corrected intensities of individual genes were used for an analysis of variance (ANOVA) on 1) after deconditioning vs. before deconditioning and 2) after exercise training vs. before exercise training, using Partek Genomic Suite. The focus of this study was on biological processes and pathways rather than individual genes; therefore, unadjusted P values (P Ͻ 0.05) were used. Enriched GO terms were considered significant if P Ͻ 0.05 after Benjamini-Hochberg correction for multiple testing.
To validate the microarray data, a Pearson correlation coefficient was calculated on the fold changes of FABP3, HADHB, and SLC25A20 as determined with RT-qPCR vs. the fold changes as determined with gene expression microarrays.
RESULTS
Effectiveness of the Interventions
Deconditioning by ULLS resulted in a significant decrease of 2.3 Ϯ 0.1°C in calf skin temperature and a significant decrease of 1.2 Ϯ 0.4 cm in calf circumference of the suspended leg (pre 28.1 Ϯ 0.2, post 25.8 Ϯ 0.2°C, P Ͻ 0.001; pre 37.7 Ϯ 0.9, post 36.5 Ϯ 0.7 cm, P ϭ 0.028, respectively). This indicates that ULLS deconditioning was effective.
The exercise training period was successfully completed by all eight subjects with SCI. Work during FES exercise increased significantly after training [median 25-75%: pre 0 kJ (0 -2.2), post 11.0 kJ (5.5-19.7), P ϭ 0.008]. This indicates that FES exercise training was effective in improving condition of the paralyzed muscles in SCI individuals.
Systemic insulin resistance, as determined by HOMA-IR, was not affected by ULLS deconditioning or by FES exercise training (Table 2) . 
Gene Expression Microarray Analysis
Gene expression levels were analyzed for a subgroup of the participants. We identified 2,166 genes with an altered expression level after deconditioning (1,372 down-and 794 upregulated) and 2,397 genes after exercise training (1,172 up-and 1,225 downregulated) (Fig. 1) . Further analysis revealed an overlap in 112 genes that were upregulated after exercise training and downregulated after deconditioning and 59 genes that showed the opposite response. In addition, we found upregulation after both interventions in 35 genes and downregulation in 36 genes.
Effect of Interventions on Biological Processes
To gain insight into the biological implication of the observed changes in gene expression, lists of up-and downregulated genes were analyzed for overrepresented biological process GO terms and summarized using functional annotation clustering ( Table 3) . The list of genes upregulated after deconditioning was not enriched for any GO term, whereas the list of genes downregulated after deconditioning was significantly enriched for 15 clusters of GO terms that are related mainly to cellular respiration. The list of upregulated genes after exercise training was enriched for the GO term cluster "generation of precursor metabolites and energy." The list of genes downregulated after exercise training was enriched for GO terms related to RNA splicing and chromosome organization.
Biological Processes and Pathways Affected by Both Interventions
Analysis of the overlapping gene lists, being the genes that responded to deconditioning as well as to exercise training, resulted in significantly enriched GO terms only for the 112 genes that were downregulated after deconditioning as well as upregulated after exercise training (Table 4 ). These 112 genes were further analyzed for overrepresented "Ariadne signaling pathways." This resulted in two significantly enriched pathways, namely "insulin action" (P ϭ 5.5E-07, 18 of 905 members present) and "adipocytokine signaling" (P ϭ 1.0E-03, 12 of 780 members present). The 12 genes of the second pathway completely overlapped with the 18 genes of the first and are all listed in Table 5 .
RT-qPCR Validation
Of the 18 genes associated with insulin and adopocytokine signaling, RT-qPCR analysis was performed to assess the expression levels of the three genes that demonstrated the strongest up-and downregulation after exercise training and deconditioning, respectively. The fold changes of FABP3, HADHB, and SLC25A20 as determined by RT-qPCR demonstrated a significant correlation with the fold changes determined with the gene expression microarrays, thereby confirming the microarray findings (Fig. 2) .
DISCUSSION
To study only the local effects of physical inactivity and activity and minimize possible systemic effects, we used unique human models for inactivity and exercise training. The sudden ULLS inactivation of the active legs of healthy subjects is in our opinion best mirrored by the sudden FES activation of the extremely inactive legs of subjects with a SCI (14, 43) . The models for local deconditioning and exercise training were successful, since 3 wk of ULLS deconditioning decreased calf skin temperature and leg circumference, and FES exercise training increased the total work performed by the participants. Due to the local nature of our interventions, we did not find a statistically significant effect on systemic insulin resistance. Recent studies on more systemic types of deconditioning did report an increase in insulin resistance, for example after a 2-wk reduction in daily steps (26) and after 9 days of bed rest (1). Subjects with SCI have an increased risk for developing insulin resistance and subsequent type 2 diabetes (2), but our local FES exercise training did not alter fasting glucose and insulin levels. This is in line with a comparable intervention study, which required the administration of one dose of glucose (oral glucose tolerance test) to visualize differences in insulin sensitivity (11, 25) . In addition, those authors reported an increase in the skeletal muscle protein levels of the glucose transporters GLUT1 and GLUT4 after intervention. However, we did not confirm this on the gene expression level (1.02-and 1.06-fold upregulated, respectively). Our study could have been strengthened by assessment of local insulin resistance by 2-deoxyglucose uptake or oral glucose tolerance tests with concomitant muscle biopsies and subsequent analysis for phosphorylation status of insulin-signaling proteins.
The focus of this study was to identify insulin signalingrelated genes that changed after both interventions. Of the 112 genes that were downregulated after deconditioning as well as upregulated after exercise training, pathway analysis identified 18 genes to be involved in insulin action and adipocytokine signaling. Expression levels of the three genes with the most contrasting up/downregulation (FABP3, HADHB, and SLC25A20) were confirmed using RT-qPCR validation.
Previous reports on these three genes describe their possible role in insulin and adipocytokine signaling. FABP3 (also known as H-FABP) facilitates the cytoplasmic transport of fatty acids between intracellular membranes (19) . It has previously been demonstrated in a rat model that hindlimb unloading results in FABP3 downregulation (16) , whereas exercise training of humans results in the upregulation of FABP3 expression (38) . Trained athletes also have higher FABP3 expression levels than untrained subjects (37) . In addition, FABP3 is one of the genes demonstrating a positive correlation with both maximal oxygen uptake and proportion of skeletal muscle type I fibers in men, suggesting a role for FABP3 in muscular aerobic metabolism (33) . Gene and protein expression of muscular FABP3 has been correlated with body weight in a diet-induced obesity mouse model, and increased expression in cultured skeletal muscle cells resulted in phosphorylation of the protein Akt substrate of 160 kDa (AS160) and glucose uptake via activation of AMP-activated protein kinase (AMPK) and insulin-dependent Akt activation (27) . FABP3 thus provides a first link between physical activity and insulin resistance.
The fatty acid ␤-oxidizing enzyme HADH functions in the mitochondrial matrix and is commonly used as a marker for skeletal muscle oxidative capacity. The protein consists of an ␣-and a ␤-subunit, and in our study both were downregulated after deconditioning and upregulated after exercise training. This is in line with previous studies that reported decreased HADH activity after hindlimb unloading in a rat model (39) , and HADH activation following exercise training programs in both animal and human models (12, 31, 40) . The role of HADH in skeletal muscle insulin signaling remains more elusive.
The mitochondrial fatty acid transporter SLC25A20 (also known as CACT) is required to translocate fatty acids across the inner mitochondrial membrane into the mitochondrial ma- between the cellular plasma membrane and the membranes of the mitochondria. At the inner mitochondrial membrane, SLC25A20 is upregulated and transports FAs over the membrane. Inside the mitochondria, HADH is upregulated and involved in the ␤-oxidation of FAs. Physical deconditioning (right), on the contrary, downregulates these key players. This results in reduced FA transport and subsequent accumulation of intracellular FAs. This activates PKC, which inhibits IRS1/2, resulting in less translocation of GLUT4 to the cell membrane and reduced insulin-induced glucose uptake. Partially based on previously published models (7, 46) . trix, where fatty acid ␤-oxidation takes place (24) . Despite this crucial role in the generation of energy in muscle, little is known about the effects of deconditioning and exercise on SLC25A20 expression levels. Regarding insulin resistance, a significant decrease in muscular SLC25A20 mRNA and protein levels has been demonstrated in insulin-resistant subjects, and in their isolated mitochondria the activity of the enzyme was lower compared with healthy subjects (34) .
Thus, our results indicate that one of the opposite effects of physical deconditioning and exercise training is altered transport (intracellular FABP3 and SLC25A20 over the inner mitochondrial membrane) and metabolism (␤-oxidation by HADH) of fatty acids. This is in line with theories that inactivity-induced accumulation of intramuscular fatty acids may lead to insulin resistance, while exercise induces the ␤-oxidation of these fatty acids (7, 46) . Integration of our findings with these existing models results in a proposed working mechanism of physical activity on insulin resistance as depicted in Fig. 3 . In this model, exercise training upregulates FABP3, which transports fatty acids between the cellular plasma membrane and the mitochondrial membranes. SLC25A20 is also upregulated and transports the fatty acids over the inner mitochondrial membrane. Inside the mitochondria, upregulated HADH is involved in the ␤-oxidation of fatty acids. Physical deconditioning, on the other hand, results in downregulation of these genes, which leads to the accumulation of intracellular fatty acids. This activates protein kinase C (PKC), which inhibits IRS1/2, resulting in less translocation of GLUT4 to the cell membrane and thus reduced insulin-induced glucose uptake. However, additional experiments are required to prove the validity of this preliminary model.
Apart from the genes that were regulated by both interventions, we separately analyzed the lists of genes that were upand downregulated after the individual interventions. Deconditioning resulted in the downregulation of biological processes involved in cellular respiration, including oxidative phosphorylation. This is in line with a previous study that reported a marked downregulation of the oxidative phosphorylation (OXPHOS) pathway after bed rest deconditioning (1). The most significantly downregulated GO term after deconditioning, "generation of precursor metabolites and energy," was identical to the single term upregulated after exercise training, confirming the opposite effects of physical deconditioning and exercise training on the gene expression level. A surprising observation was the downregulation of RNA splicing and related gene ontology terms after exercise training in SCI individuals. These terms were not significantly upregulated after deconditioning of our healthy controls. This suggests that altered RNA splicing may be a long-term consequence of SCI, which is not induced by short-term deconditioning but can be counteracted by exercise training. This is supported by a recent study in a mouse model for spinal muscular atrophy, which proposes that changes in RNA splicing are mainly a secondary effect of the paralysis and may be a response to cell stress (3). Interestingly, changes in alternative splicing have been linked with the development of insulin resistance (36) and may thus provide an alternative explanation for SCI-induced insulin resistance. Exploring possible other (patho)physiological consequences of this altered alternative splicing machinery requires further investigation (47) .
Limitations
Gene expression microarrays are a comprehensive approach for the fast identification of interesting genes but also have their limitations. Changes in gene expression are physiologically relevant only under the general assumption of a good correlation between mRNA and protein levels. However, this is not always the case, and validation on the protein level would therefore be a logical follow-up (32) . In addition, protein phosphorylation is a key feature in insulin signal transduction, but gene expression levels cannot provide information about protein modifications. Unfortunately, additional experiments on the protein level are hampered in this study by the limited availability of muscle tissue in subjects with SCI. Indeed, it has been demonstrated that muscle fiber type (10), amount of muscle, and percentage of intramuscular fat change dramatically after SCI (15, 20) . Therefore, we used most of the obtained tissue to isolate sufficient RNA to perform good quality microarrays. However, the poor muscle quality in SCI also limited the total number of microarrays that could be performed. This drawback has to be acknowledged before SCI can serve as a unique and very informative model for physical inactivity.
Conclusions
Analysis of gene expression levels after local deconditioning vs. exercise training resulted in the identification of 18 genes that are involved mainly in the transport and metabolism of intramuscular fatty acids. These genes, including FABP3, HADH, and SLC25A20, provide a link between physical activity levels and insulin signaling.
